U0126 inhibited 60 of the observed protein changes Protein spot changes that occurred after PMA stimuinduced by PMA concomitant with 95% inhibition of lation were scored when greater than 1.5-fold in magni-ERK2 activity, implicating these proteins as targets of tude and observed in three or more replicate gels from the MAPK pathway (Figures 2A and 4 ). Of these, 35 were at least two independent experiments. The analysis recompletely blocked (e.g., Figure 2A , U-5, U-42, U-24 vealed 91 reproducible protein changes after 240 min and U-25, U-1 and U-2), and 26 were partially blocked of PMA exposure, including 30 decreases and 61 inafter 240 min (e.g., Figure 2A , U-40), reflecting differencreases in spot intensity ( Figures 1A and 1B) . As contial thresholds in molecular responses to MKK/ERK. firmed by mass spectrometry (see below), many of the Treatment of cells with U0126 for 240 min in absence protein spots that diminished after PMA treatment of PMA showed only four changes, corresponding to emerged at the same molecular weight but with dedecreased intensities of U-7, U-42, U-86, and U-87. All of creased pI, as expected for regulation through covalent these were previously characterized as direct or indirect modifications, such as phosphorylation (e.g., Figure 2A , targets of MAP kinase (see below), indicating that the U-24 and U-25).
only observed effect of U0126 was to repress basal Kinetics of these changes were examined in 2D gels MKK activity. Thus, in our experiments, U0126 exhibited of extracts from cells treated with PMA for 0, 20, 60, specificity for the MKK/ERK pathway. 120, and 240 min and 24 hr. Silver staining intensities All PMA-induced protein changes that were inhibited by U0126 were also induced by direct activation of the were quantified and plotted versus time for 89 of the pathway through CA-MKK1/ 2 (e.g., Figure 2A modifications by U0126 would be expected for this proshowed little significant change until 2-4 hr. Thus, nearly tein. Complex behavior was observed for U-36 (WASP all of the PMA-stimulated targets showed kinetic behavinteractor protein), which was downregulated by PMA ior consistent with rapid signaling mechanisms. Twentyin a U0126-independent manner, but upregulated upon one proteins that increased with stimulation showed CA-MKK1/2 expression. Other protein changes ocintensities at t ϭ 0 greater than 30% of the maximal curred upon transfection of CA-MKK1/2, which may rechange after PMA treatment ( proteins that were human homologs of known mouse or rat entries. Names of identified proteins, their NCBI sequence identification numbers (gi), spot designation, and cluster numbers are listed in Table 1 This study represents a large-scale investigation of a specific signaling pathway by proteomics and demonwhich therefore accumulated more slowly than other SGT intermediates. MRP-2 is likely regulated in a more strates the feasibility of identifying pathway effectors on a global level by using a combination of activators complex way, as discussed below. In addition, many proteins were significantly modified prior to stimulation and inhibitors to respectively isolate the "on" and "off" states of pathways. Overall, 35 of the 41 distinct proteins (e.g., Figures 6A-6C ,6E-6G, and 6I), whereas modified forms of other targets were absent at 0 hr. The former responsive to phorbol esters were matched successfully to sequences of known gene products. Thus, 85% of represent candidates for proteins that are responsive to basal levels of MKK/ERK activity or to modification the proteins were identifiable using information from the available human genome sequence. Twenty-five proby alternative pathways. Finally, the majority of MKK/ ERK targets were modified reversibly ( Figures 6A-6G ).
teins were found to be regulated by MKK/ERK, based on criteria of suppression by the U0126 inhibitor and A few MKK/ERK targets (e.g., U11, Figure 6F forms. Kinetic analysis further showed that 95% of the proteins responded within the first 20 min of PMA treatproteins, as suggested by measurements of mRNA complexity (Hastie and Bishop, 1976), we estimate ‫%02ف‬ ment, faster than most transcriptional events ( Figure  2C ). We therefore believe that the majority of targets of the K562 cell proteome was monitored between pI 4-7. High resolution gels in range pI 6-11 yield ‫%05ف‬ identified in this study are regulated through mechanisms involving posttranslational modification, even in more spots, so at the current level of resolution, 25%-35% of the proteome can be visualized. Further sensitivcases when precursor or product forms of these targets were not detected. For example, detection would be ity can be achieved by combining newer and more sensitive protein stains with narrow pI range IEF gels, which obscured if net changes in precursor forms were less than 1.5-fold or modified products were rapidly deallow greater protein separation and resolution.
The . We found that 19 of the 35 proteins identified in our study were represented in at least one of the data sets ( Table 1 ). All of these showed directionality of changes that were opposite to or kinetics that were inconsistent with the protein behavior. Only 4 of 15 matches with the Affymetrix data set showed Ͼ2-fold changes in mRNA expression following PMA treatment of HL60 cells. Three showed directionality of mRNA changes that were opposite to the effects observed in our study. Only RP-A2, which declined by 4 hr after PMA treatment in mRNA levels in the Affymetrix study, changed in a manner consistent with the behavior of protein in our study, which decreased by 20 min and remained low for 24 hr. In summary, only one out of 19 targets showed mRNA changes consistent with the proteomic results, supporting our prediction that most are regulated by posttranslational modification rather than transcriptional induction or repression.
Our results reveal many previously unidentified targets of the MAPK pathway, indicating that its regulatory functions are broader than previously realized. Among these are hHR23A and B and replication protein A2, which are implicated in global genome nucleotide excision repair (de Laat et al., 1999). hHR23A and B are each rapidly modified posttranslationally in response to MAPK signaling, suggesting a novel role for this pathway in mechanisms that sense DNA damage. Our analysis indicates a role for MAPK in creating a stable processed form of HR23B, which is also observed in response to UV (Figure 7) . In addition, a potential role for MAPK in chromatin assembly is suggested by rapid modification of nucleosome assembly protein 2 (NAP-2/NAP1L4), a homolog of the NAP-1 nucleosome assembly complex subunit, which recruits nucleosomes to naked DNA templates in vitro and appears to function in chromatin as- 304.1, 391.2, 504.3, 603.3, 702.4, represented the same uncloned gene, referred to as MRP-2. ERK was detected using mouse anti-phospho ERK1/2 (Sigma, 1:2000), and hHR23B was detected using mouse clone 16 antibody (Transduction Laboratories, 1:250).
Extract Preparation and 2D Electrophoresis
Lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS, 2% DTT, 2% IPG K562 or HeLa-S3 cells (1-2 ϫ 10 6 cells/dish) were washed twice with phosphate-free RPMIϩ10% dialyzed FCS, incubated in this buffer [pH 4-7] (Pharmacia), 1 mM benzamidine, 2 g/ml pepstatin-A, 20 g/ml leupeptin, 10 g/ml aprotinin, 1 mM sodium vanadate, media for 2 hr, and treated with 1 mCi 32P-orthophosphate for 6 hr. Cells were pretreated with 20 M U0126 or DMSO carrier prior 1 M microcystin-LR, 1.5 mM EDTA, and 1.5 mM EGTA) was applied to cell pellets (100 l buffer/1 ϫ 10 6 cells), and proteins were exto PMA treatment. Alternatively, media was removed, cells were washed with PBS, irradiated with UVC (254 nm, 0-300 J/m2) or UVB tracted for 1 hr at room temperature, with occasional vortexing. Extracts were centrifuged at 200,000 ϫ g for 1 hr at 22ЊC, and protein (300 nm, 3.9 W, 60 s), and the same media was returned to the cells. Cells were incubated for 60 min at 37ЊC followed by one PBS wash loading was normalized by Bradford assay. Immobiline dry strips (Pharmacia, pI4-7L, 18 cm) were loaded with 200 g or 500 g and harvesting. Extracts were centrifuged at 10,800 rpm for 10 min at 4ЊC, and HR23B was immunoprecipitated from the clarified superwhole-cell extract for analytical or preparative 2D gels, respectively, and allowed to rehydrate 18-22 hr. Isoelectric focusing was pernatants with clone 16 antibody. Immune complexes were bound to protein G-Sepharose, separated by SDS-PAGE, and transferred to formed at 20ЊC using a Multiphor II electrophoresis unit and EPS 3500 XL power supply (Pharmacia) . A gradient of 300-3500 V was PVDF membrane, which was first exposed to film by autoradiography, then probed by Western blotting with anti-HR23B. applied to the strips followed by constant 3500 V, with focusing
2D Gel Quantification and Analysis
against the nonredundant and the Unigene EST sequence databases (NCBI), using the Sequest software package (Finnigan) (Eng 2D gels were scanned, and digital images were analyzed for changes in protein patterns using the image analysis software Melanie 2.1 et al., 1994). On average, 3.5 peptides were sequenced for each unique protein. (Appel et al., 1997) . Each protein change was assigned a temporary identity (U-1 through U-104). Silver-stained proteins were quantified using Melanie 3.0. Intensities were measured as percentage of volAcknowledgments ume, corresponding to pixel intensities integrated over the area of each spot and divided by the sum over all spots in the gel. The
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